Objective-Unresolved inflammatory response of macrophages plays a pivotal role in the pathogenesis of atherosclerosis.
I nflammation is central to the pathogenesis of atherosclerosis. 1, 2 Rapid as well as controlled synthesis of inflammatory cytokines and chemokines by macrophages and monocytes plays an obligatory role in the innate immune system to protect the host from invading microorganisms. 3, 4 However, unrestricted accumulation of inflammatory products can cause substantial injury to host cells. 5 Therefore, endogenous mechanisms have evolved to limit the production of inflammatory molecules and promote resolution of inflammation. These mechanisms are pivotal for the resolution of inflammation. Recently strong evidence has emerged indicating that failure to resolve inflammation by macrophages and monocytes is a major driver of many diseases, 6 including atherosclerosis. 7 When macrophage inflammation is not resolved, this may initiate endothelial dysfunction triggering acute vascular disease. 8, 9 A series of previous studies from our laboratory has identified an endogenous mechanism that restrains inflammation.
This mechanism involves ribosomal protein L13a-dependent translational silencing of specific mRNAs in interferon (IFN)γ-activated monocytic cells. [10] [11] [12] [13] [14] This translational silencing occurs through phosphorylation-dependent release of L13a from the large ribosomal subunit and assembly of the IFNγ-activated inhibitor of translation (GAIT) complex on defined GAIT-specific binding elements present in the 3′-untranslated regions of a family of mRNAs encoding inflammatory proteins. 11, 15 In addition, translational regulation of inflammatory protein synthesis from pre-existing mRNAs as a mechanism to control inflammation has been reported by other laboratories. 16 Priming of monocytes and macrophages by IFN-γ is an essential aspect of innate immunity. 17 This priming stimulates production of an array of proinflammatory cytokines and mediators to protect the host from infectious agents, but this response is limited in time peaking at ≈4 to 8 hours. In previous studies using a genome-wide approach, we showed that after an 8-hour time lag, protein synthesis from a cohort of mRNAs encoding several chemokines and their cognate receptors (ie, chemokine (C-C-motif) ligand (CCL)22, CCL11, CCL8, CCL21, chemokine (C-X-C-motif) ligand (CXCL) 13 , chemokine (C-C motif) (CCR)3, CCR4, and CCR6) was severely inhibited on treatment of monocytic cells with IFN-γ. This study also showed that depletion of L13a by RNA interference abrogates the translational silencing of this cohort of inflammatory proteins. 14 The role of L13a-dependent translational silencing as an endogenous mechanism of protection against uncontrolled inflammation was confirmed through the analysis of inflammatory response in macrophage-specific L13a knockout mice. 18 These studies showed that on lipopolysaccharideinduced endotoxemia these animals displayed signatures of severe inflammation. For example, we observed unregulated expression of several chemokines in the primary macrophages harvested from the knockout mice, widespread infiltration of macrophages in organs accompanied by tissue injury and reduced survival rate. 18 Atherosclerosis is a process that initiates with the activation of the resident cells of the vessel wall triggering the adhesion of leukocytes to the endothelium. The arrested leukocytes migrate through transendothelial space after a chemotactic gradient. These processes are regulated by the orchestrated action of many different chemokines and their cognate receptors. [19] [20] [21] This led us to hypothesize that our newly discovered L13adependent mechanism for restricting the synthesis of a cohort of IFN-γ-induced chemokines and chemokine receptors could serve as an endogenous protective mechanism against atherosclerosis. To test this hypothesis, we bred the macrophage-specific L13a knockout mice onto an apolipoprotein E-deficient (apoE −/− ) background and evaluated the development of highfat diet-induced atherosclerosis in these animals as compared with control apoE −/− mice. ApoE −/− mice are well established as a murine model for high-fat diet-induced atherosclerosis. The results of this study show that mice with genetic depletion of ribosomal protein L13a in macrophages are significantly more susceptible to the development of high-fat diet-induced atherosclerosis than mice with normal L13a expression.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Cre-Dependent Deletion of L13a Is Not Compromised on Breeding the Macrophage-Specific Knockout Mice L13a Flox +/+ Cre +/+ Onto apoE −/− Background
We previously reported the generation of mice homozygous for the Floxed L13a gene (L13a Flox +/+ ) and mice with macrophage-specific L13a deletion (L13a Flox +/+ Cre +/+ ). 18 The macrophage-specific L13a knockout mice were generated by crossing the L13a Flox +/+ mice with LysMCre + mice (Stock no. 004781, The Jackson Laboratory, Bar Harbor, ME) expressing the Cre recombinase from the endogenous Lysz locus. This resulted in mice in which the Cre recombinase is expressed exclusively in macrophages leading to the deletion of the L13a gene in those cells via the flanking lox P sites (Flox).
To address the role of L13a-dependent translational silencing in high-fat diet-induced atherosclerosis, we bred the macrophage-specific L13a knockout mice onto an apoE −/− background. The genotypes of all intermediate animals in the breeding scheme that contained the L13a Flox allele were determined with respect to the presence and absence of the Cre and apoE alleles ( Figure 1A ; see Materials and Methods for details in the online-only Data Supplement). Immunoblot analysis using anti-L13a and anti-Cre antibodies confirmed both depletion of L13a protein and expression of the Cre recombinase protein specifically in the macrophages of L13a Flox +/+ Cre +/+ apoE −/− mice but not in L13a Flox +/+ Cre −/− apoE −/− mice ( Figure 1B , left, upper and middle). In contrast to macrophages, other organs such as liver and kidney showed no depletion of L13a protein ( Figure 1B , right) and no detectable expression of Cre recombinase (data not shown) in either L13a Flox +/+ Cre +/+ apoE −/− mice or L13a Flox +/+ Cre −/− apoE −/− mice. These results confirm that the macrophage-specific depletion of L13a in L13a Flox +/+ Cre +/+ apoE −/− mice relies on the expression of Cre in the macrophages of these mice and showed that Cre-dependent deletion of L13a was not compromised on breeding the macrophage-specific L13a knockout mice onto an apoE −/− background. Throughout this article we refer to the L13a Flox +/+ Cre +/+ apoE −/− mice with macrophage-specific L13a deletion as knockout mice and to the L13a Flox +/+ Cre −/− apoE −/− mice with normal level of L13a as control mice.
Mendelian distributions of expected genotypes were observed in the births of both control and knockout animals with no incidence of embryonic lethality. During a 6-month observation period under unchallenged conditions, we did not detect any visible sign of pathology in either group of animals such as sporadic death in the colony, retardation of growth, weight loss, infertility, reduced mobility, decreased food intake, etc. These results indicate that animal development is not impeded by the macrophage-specific depletion of L13a on an apoE −/− background.
Because the primary goal of this study was to test the difference in atherosclerosis susceptibility between control and knockout mice on high-fat diet treatment, we evaluated several closely related parameters of vascular disease such as heart weight, body weight, and total plasma cholesterol levels after 10 weeks of high-fat diet treatment. None of these parameters exhibited any significant difference when compared between control and knockout animals (P=0.75, P=0.85, and P=0.56, respectively; Figure I in the online-only Data Supplement). Therefore, the control and knockout animals did not seem to have any inherent differences in noninflammation-related factors associated with atherosclerosis. 
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Macrophage-Specific Deficiency of L13a Promotes High-Fat Diet-Induced Atherosclerosis
Emerging evidence suggests that chemokines and their receptors play a cardinal role in the transendothelial migration of leukocytes. Therefore, deregulation in their synthesis could promote vascular inflammation and the severity of atherosclerosis. 19, 20, 22 Our recent studies demonstrated that deficiency of L13a in the cells of myeloid origin abrogates the naturally imposed translational silencing of a cohort of chemokine and chemokine receptor mRNAs in a cellular model 14 and more importantly the resolution of physiological inflammation in a murine model. 18 However, the role of this L13a-dependent mechanism in atherosclerosis is not known.
To test the role of L13a-dependent translational silencing in macrophages as a possible mechanism of defense against high-fat diet-induced atherosclerosis, we fed control and knockout mice a high-fat diet for 10 weeks and then evaluated the extent of atherosclerosis in the 2 groups of animals. Mice were euthanized at the end of treatment and their aortas were harvested for immediate analysis using 2 independent procedures, for example, cross-sectional analysis of the aortic sinus and en face analysis of the entire aorta. Although aortic root lesions can be different in male and female apoE −/− mice fed a chow (low-fat) diet, 23, 24 we did not find a significant difference in aortic root lesions between males and females in our high-fat diet-fed mice for either the control (n=15 for both male and female; P=0.48) or the knockout cohort (n=10 for both male and female; P=0.48; Figure II in the online-only Data Supplement). Therefore, we combined both sexes in our subsequent analyses. Because aortic root lesion areas were not normally distributed, we used nonparametric statistics to evaluate them. Aortic root lesions detected by Oil red O staining were significantly larger in the knockout mice as compared with control mice (n=20 for knockout, n=30 for control; P<0.0001; Figure 2A and 2B). Median lesion areas in the knockout and control groups were 3.02×10 5 and 1.57×10 5 μm 2 , respectively. In agreement with these findings from cross-sectional analysis of the aortic root, en face analysis of the entire aorta showed that the median en face percentage lesion area was almost 2-fold higher in the knockout mice as compared with control mice (n=16 for knockout, n=12 for control; P=0.003; Figure 3A and 3B). Taken together, these 2 independent measures clearly illustrate that macrophage-specific L13a depletion increases the severity of high-fat diet-induced atherosclerosis.
Uptake of lipids by the macrophages plays a critical role in the pathogenesis of atherosclerosis. 2 Therefore, we tested whether the observed differences in atherosclerosis between control and knockout mice might be because of an effect of L13a deficiency on macrophage lipid uptake. A cholesterolloading study with acetylated-low-density lipoprotein was performed following a previously published method. 25 This showed that there were no significant differences in cholesterol loading between bone marrow-derived macrophages from the knockout animals and those from control animals ( Figure III in the online-only Data Supplement).
The progression of atherosclerotic lesions involves infiltration and accumulation of macrophages in the intimal plaque region. Disruption of the smooth muscle cell (SMC) layer of the media has been observed in large mouse aortic root lesions, along with the appearance of SMCs forming the fibrous cap. 2 Therefore to gain further insight into the differences in atherosclerosis between knockout and control mice, we analyzed the cellular composition of the atherosclerotic lesion areas using immunohistochemical staining with antibodies against macrophage and SMC markers. Immunohistochemical staining of cross sections of the aortic root region with antibody against macrophage marker Mac2 ( Figure 4A ) and SMC marker α-actin ( Figure 4C ) showed significantly increased lesional macrophagepositive (≈2.5-fold; P<0.02; Figure 4B ) and SMC-positive areas (≈2.5-fold; P<0.04; Figure 4E ) over the entire lesion area in knockout mice as compared with control mice. In addition, lesions in sections from knockout mice had more pronounced fibrous caps than those from control mice ( Figure 4C , inset). Immunostaining for α-actin also revealed significant reduction of the α-actin-positive area in the media indicating disruption or phenotypic changes in the aortic medial SMC layer in the knockout mice ( Figure 4C and 4D). Infiltration of neutrophils into the area of atherosclerotic lesions plays a significant role in the pathogenesis of atherosclerosis. 26, 27 Therefore, we investigated the presence of neutrophils in the atherosclerotic lesions of knockout and control mice as an additional marker of the severity of disease. Immunohistochemical staining of aortic root cross sections with antibodies against the neutrophil marker Ly6G revealed significantly higher neutrophil infiltration in lesions of knockout mice as compared with control mice (≈2-fold; P<0.02; Figure 4F and 4G).
Taken together these results demonstrate that mice lacking L13a expression in macrophages develop more severe atherosclerosis on high-fat diet treatment than mice with normal L13a expression. This was indicated by increased cross-sectional area of atherosclerotic lesions, increased percentage of the aorta affected by lesions, and increase of macrophage, neutrophil, and SMC content of lesions characteristic of the disease. 
Genetic Depletion of L13a in Macrophages Results in Increased Abundance of Inflammatory Leukocytes in the Circulation and Peritoneum and Elevated Level of Inflammatory Cytokines and Chemokines on High-Fat Diet Treatment
In the murine model of atherosclerosis, a high-fat diet treatment leads to increased release of Ly6C hi monocytes from the bone marrow into the circulation. Many of these cells migrate to atherosclerotic plaques and differentiate into foamy macrophages. 28, 29 Therefore, we assessed whether macrophagespecific L13a deficiency affected these aspects of the disease by measuring the abundance of Ly6C hi monocytes in the circulation (peripheral blood) and the number of leukocytes into the peritoneal cavity for knockout and control groups of mice at the end of the 10-week high-fat diet treatment period. Fluorescenceactivated cell sorting analysis of the peripheral blood leukocytes demonstrated that knockout mice had significantly more Ly6C hi cells in the circulation than control mice (≈2-fold; P<0.003; Figure 5A ). The identity of these cells as circulatory monocytes was further confirmed by staining for CD115 ( Figure IVA in the online-only Data Supplement), a well-known marker of murine blood monocytes. 30 We also found significantly enhanced infiltrations of highly inflammatory Gr1-Mac2 (≈2-fold; P<0.006; Figure 5B ) and F4/80-CD11b (≈2-fold; P<0.013; Figure 5C ) double-positive leukocytes in the peritoneum. Elicitation with thioglycollate is necessary to harvest leukocytes because without thioglycollate elicitation most of the harvested cells remain unstained with F4-/80 and CD11b antibodies showing these cells are not mature myelomonocytic cells ( Figure IVB in the online-only Data Supplement). These cellular changes provide further support of the fact that high-fat diet-induced atherosclerosis is more severe in animals lacking macrophage expression of L13a.
Next, we determined whether the increased severity of atherosclerosis observed in the knockout mice was associated with a stronger and systemic inflammatory response. We measured the plasma level of a panel of inflammatory cytokines and chemokines (eg, interleukin [IL]-1α, IL-1β, IL-2, IL-4, CCL2, IFN-γ, tumor necrosis factor-α, granulocyte macrophage colony-stimulating factor, CCL11, CCL5, CCL3, and keratinocyte-derived chemokine). We found significantly increased plasma levels of all of these cytokines in knockout F) . Results are mean±SD, n=5, P values were determined by paired 2-tailed Student t test. We analyzed 5 different hearts from each group and 2 to 3 sections from each heart. mice as compared with control mice ( Figure 6 ). We also investigated whether levels of inflammatory cytokines and chemokines were elevated in the aortic cells of the high-fat diet-fed knockout mice. We performed ELISA analysis of cell lysates prepared from the total cells harvested from collagenasedigested aorta. We found significant increases in the aortic levels of several chemokines (eg, CCL2, CCL5, CCL11, CCL17, CCL22, and CXCL1; Figure 7 ). Our cytokine analysis of both plasma and aortic cells identified several previously identified direct targets of the GAIT-mediated translational repression, such as CCL11, CCL3, and CCL22. 14, 18 Therefore, these results demonstrate that the loss of L13a expression in macrophages led to increased inflammation in high-fat diet-fed mice. Moreover, the increased inflammation in knockout mice seems to be, at least in part, because of elevation of inflammatory factors that are normally subject to L13a-dependent GAIT-mediated translational silencing.
Disruption of L13a in Macrophages Abrogates Translational Silencing of Several Target mRNAs of GAIT on High-Fat Diet Treatment
The actively translated pool of heavier polyribosome-bound mRNAs can be readily separated from the pool of lighter translationally repressed nonpolyribosomal mRNAs by sucrose gradient centrifugation, thus allowing an operational distinction between these 2 pools. 14, 31, 32 To directly test whether abrogation of translational silencing of the target mRNAs in the macrophages of high-fat diet-fed knockout mice was associated with the higher inflammatory response in these mice, we investigated the polyribosomal abundance of 3 known target mRNAs of the GAIT complex: CCL22, CXCL13, and CCR3. We found a substantial increase of the polyribosomal abundance of all 3 mRNAs in the macrophages of high-fat diet-fed knockout mice versus control mice ( Figure 8A) . Comparison of the active (polyribosome bound) and repressed (free and nonpolyribosomal) fractions of these GAIT target mRNAs with those for actin mRNA (as a housekeeping gene control; Figure 8B ) clearly demonstrated that genetic depletion of L13a in macrophages specifically impeded the naturally imposed translational repression on GAIT target mRNAs. Together, these findings strongly suggest that GAIT-mediated translational silencing is the mechanism underlying the antiatherogenic role of L13a in murine model of high-fat diet-induced atherosclerosis.
Discussion
Inflammatory responses mediated by macrophages play a crucial role in the pathogenesis of atherosclerosis. 1, 2, 8, 9 However, there is limited information that directly addressed the role of endogenous inflammation resolution mechanisms 6 as a physiological defense against atherosclerosis. 7 In this report, we have identified 1 such mechanism. Using a mouse model with macrophage-specific depletion of the gene encoding ribosomal protein L13a, we previously showed that L13a is critical for preventing uncontrolled inflammation in response to lipopolysaccharide-induced endotoxemia. We also identified a macrophage-specific role of L13a in the naturally imposed translational silencing of a cohort of mRNAs encoding several inflammatory proteins, including chemokines and chemokine receptors. 18 Based on these findings, we hypothesized that L13adependent physiological attenuation of inflammation might be important for preventing the development of atherosclerosis. To test this hypothesis, we assessed whether macrophage-specific deficiency of L13a could increase the susceptibility of apoE −/− mice to high-fat diet-induced atherosclerosis. Comparing control apoE −/− mice with normal L13a (control mice) and apoE −/− mice with macrophage-specific L13a knockout (knockout mice), we found that high-fat diet treatment led to significantly more severe atherosclerosis in knockout mice than in control mice. This was revealed by quantitative evaluation of atherosclerotic lesions at 2 independent sites: the aortic sinus and the entire aorta (Figures 2 and 3) . It is important to note that this enhanced susceptibility to atherosclerosis was not because of higher plasma cholesterol levels in highfat diet-fed knockout mice; indeed, plasma cholesterol levels were not significantly different between control and knockout mice ( Figure I in the online-only Data Supplement). In addition, we did not find any difference in cholesterol uptake by knockout versus control macrophages in an ex vivo assay ( Figure III in the online-only Data Supplement).
The increased severity of high-fat diet-induced atherosclerosis in mice lacking L13a in macrophages was further illustrated by analysis of the cellular content of atherosclerotic lesions. As compared with control mice, knockout mice displayed higher levels of macrophage infiltration and accumulation in the subintimal region ( Figure 4A ) and attenuation of the SMC layer in the media ( Figure 4C ). These results are consistent with the previous findings of others defining breakdown and thinning of SMC layer as a signature of severe atherosclerosis. 33 Recently, a series of reports have implicated matrix-degrading metalloproteinases produced by macrophages in the destruction of SMC in the media and the promotion of their migration toward the intima. 34 However, we do not know whether matrix-degrading metalloproteinases are a direct target of L13a-dependent translational silencing. We previously identified CCL3 as a target of L13a-dependent translational silencing, 14 and work from others showed that CCL3 regulates neutrophil infiltration in the atherosclerotic lesion. 35 Consistence with these previous studies, we show here that macrophage-specific depletion of L13a causes both enhanced plasma CCL3 levels ( Figure 6 ) and higher infiltration of neutrophils ( Figure 4F ) into high-fat diet-induced atherosclerotic lesions.
Previous studies by others have identified Gr1-Ly6C hi monocytes as inflammatory monocytes that show enhanced tissue recruitment in a variety of infectious and noninfectious models. 36 These monocytes were also reported to be the predecessors of atherosclerotic macrophages. 28, 37, 38 Our data showing increased abundance of Gr1-Ly6C hi monocytes in the circulation and highly inflammatory Gr1-Mac2 double-positive macrophages in the peritoneum of knockout mice versus control mice are fully consistent with these previous studies. At the same time it is also important to note that proliferation of the lesional macrophages may also contribute to the enhanced accumulation of macrophages detected in knockout mice. This mechanism has been implicated recently in lesional macrophage accumulation. 39 Taken together, the results that we obtained by combining macrophage-specific L13a deficiency with the apoE −/− murine model of high-fat diet-induced atherosclerosis model suggest a novel athero-protective role of L13a.
Subsequent analysis of expression of inflammatory proteins in knockout versus control mice indicated that the atheroprotective role of L13a is likely because of its translational silencing activity. Using an in vitro cellular model of monocyte and macrophage-specific L13a knockout mice, we previously identified an L13a-dependent translational silencing mechanism targeting a cohort of chemokine and chemokine receptors to resolve lipopolysaccharide-induced endotoxemia. Consistent with this study, we now show increased levels of a group of chemokine and chemokine receptors, including several GAIT target proteins (eg, CCL11, CCL3, and CCL22) in cells of the aorta and in the circulation of knockout mice (Figures 6 and 7) . It is interesting to note that we found significantly increased synthesis of other highly inflammatory cytokines (eg, IL-1, IL-4, tumor necrosis factor-α, granulocyte macrophage colony-stimulating factor, etc) in the circulation of high-fat diet-fed knockout mice as well, although they are not the direct targets of GAIT-mediated translational silencing. It is likely that increases in these cytokines could be an indirect or consequential effect of the failure of knockout macrophages to resolve inflammation in the absence of L13a.
Mechanisms involving translation control have been implicated previously in the multifaceted regulation of inflammatory response 16 and metabolic diseases. 40, 41 However, most of these studies were based on targeting of 1 particular gene (eg, tumor necrosis factor-α, 42 CD36 40 Cox-2, 43 matrix-degrading metalloproteinases-13, 44 regulated upon activation normal T cell expressed and presumably secreted, 45 etc). Here, using the macrophages harvested from the high-fat diet-fed knockout and control mice, we demonstrated increased polyribosomal abundance of a group of mRNAs encoding inflammatory proteins in the knockout animals. Therefore, in contrast to previous studies by others based on a monogenic approach, our results identify an endogenous athero-protective mechanism that relies on coordinated translational control of a cohort of proteins mediating inflammation. We think that this is important because responses that lead to the chronic inflammatory diseases, such as atherosclerosis, are orchestrated by the concerted action of many molecules, and therefore, targeting just one may not efficiently achieve a therapeutic outcome. Our study suggests that manipulation of the L13a-dependent translational silencing pathway could lead to effects on numerous inflammatory mediators. In future, it will be fascinating to pursue whether novel and more efficient therapeutic strategies could emerge through manipulation of this pathway.
Uncontrolled synthesis of inflammatory molecules by macrophages and monocytes contributes significantly to the pathogenesis of atherosclerosis. Endogenous mechanisms that regulate the resolution of inflammation have been identified, but their roles in providing physiological protection against atherosclerosis have not been established. In particular, our previous work revealed ribosomal protein L13a-dependent translational silencing of a cohort of chemokine and chemokine receptors in interferon-γ-stimulated macrophages and showed that this mechanism is critical for protection against lipopolysaccharide-induced endotoxemia. Using a mouse model of macrophage-specific L13a depletion in an apolipoprotein E-deficient background, we now demonstrate that L13a-dependent translational silencing in macrophages serves as a key endogenous defense against high-fat diet-induced atherosclerosis. These findings suggest that pharmacological agents capable of promoting L13a-dependent translational silencing could provide a new therapeutic opportunity for prevention and treatment of atherosclerosis.
Significance
